Sporadic transmission of highly pathogenic avian influenza (HPAI) A(H5N1) viruses from birds to humans has been documented since 1997 ([@R1]), and these viruses continue to cause severe illness and death in humans. Their wide geographic spread and rapid evolution have raised concerns over emergence of a novel, virulent virus that could efficiently transmit among humans, leading to a pandemic. Vietnam is among the countries experiencing the highest number of human fatalities caused by zoonotic H5N1 subtype infections. Since the introduction of HPAI (H5N1) viruses into poultry in Vietnam during 2003 ([@R1],[@R2]), there have been dynamic changes in their genetic and antigenic properties. Clade 1 viruses predominated in Vietnam before 2007, and were the most commonly detected H5N1 subtype group in the Mekong Delta region through 2010 ([@R3]). However, in northern Vietnam provinces, clade 2.3.4 viruses became the predominant group during 2007--2010. Since 2010, viruses of clade 2.3.2.1 have been detected in poultry from both regions ([@R3]). Since 2009, multiple subgroups of 2.3.2.1 rapidly emerged and have circulated among domestic poultry in Asia, including several provinces of Vietnam ([@R4]).

Genetic and antigenic divergence of HPAI (H5N1) viruses among poultry challenges development of effective vaccines for poultry and to pandemic preparedness and development of antiviral drugs for humans. Assessment of drug susceptibility has become an integral part of subtype H5N1 virus surveillance. To assist laboratories worldwide in their surveillance and pandemic preparedness efforts, the Influenza Division of the Centers for Disease Control and Prevention (CDC), Atlanta, GA, USA, along with other partners, developed the H5N1 Genetic Changes Inventory that includes established and potential markers of drug resistance ([@R5]). Resistance to matrix 2 (M2) protein blockers amantadine and rimantadine, caused by mutations in the M2 protein, is detected commonly in clade 1.1 (S31N) and clade 2.1.3 (V27A) H5N1 virus subtypes and sporadically in other groups ([@R6],[@R7]). Oseltamivir, an orally administered neuraminidase (NA) inhibitor, is the most prescribed medication for the treatment of persons with influenza virus infections. Emergence of resistance to NA inhibitors among H5N1 virus subtypes, especially oseltamivir resistance among H5N1 subtypes caused by the H275Y mutation, is a constant threat ([@R8]). Assessment of susceptibility to NA inhibitors is hampered by several factors: insufficient knowledge of molecular markers of resistance, lack of harmonized approaches for testing and data analysis and, most critically, lack of established laboratory correlates of clinically relevant resistance. Taking into account these and other limitations, the current method for monitoring susceptibility to NA inhibitors is a critical element needed to evaluate pandemic risk.

In this study, we assessed drug susceptibility profiles of HPAI A(H5N1) viruses isolated from poultry specimens collected in Vietnam during 2009--2011. The antiviral drugs tested included FDA-approved medications and investigational antiviral agents. We report the detection of an oseltamivir-resistant virus with H275Y mutation from the expanding clade 2.3.2.1.

Materials and Methods
=====================

Viruses
-------

Viruses collected from poultry on farms, in backyard flocks, and in live-poultry markets in Vietnam during 2009--2011 were identified as HPAI A(H5N1) at the National Center for Veterinary Diagnostics (NCVD), Vietnam, by using the World Health Organization (WHO) protocol ([@R9]). Viruses were then sent to the WHO Collaborating Center for Surveillance, Epidemiology and Control of Influenza at CDC, where they were isolated from eggs and further propagated according to WHO protocol ([@R9]). Virus handling was conducted under enhanced Biosafety Level 3 containment according to institutional guidelines.

Sequencing and Phylogenetic Analysis
------------------------------------

Full-length gene sequences were generated by the ABI PRISM 3730 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) and assembled by using Sequencher 5.0 (Gene Codes Corporation, Ann Arbor, MI, USA). Phylogenetic trees were generated by using MEGA version 5.0 ([www.megasoftware.net](\\\\\\\\cdc\\\\project\\\\CCID_NCPDCID_DEISS_EIDJ\\\\EIDProduction\\\\Production\\\\Vol19No12\\\\Vol19No12_ONLINE\\\\www.megasoftware.net)) neighbor-joining methods implemented with 1,000 bootstrap replicates. Phylogenetic data for the strain A/goose/Guangdong/1/1996 (clade 0) were used as a reference for tree rooting and numbering, and trees were annotated according to the WHO/World Organisation for Animal Health/Food and Agriculture Organization of the United Nations criteria ([@R10]). Sequences were deposited into the Global Initiative on Sharing All Influenza Data database. Accession numbers are listed in Technical Appendix [1](#T1){ref-type="table"}. For NA sequences, N1 aa numbering is used throughout the text ([@R11]). The pyrosequencing method was used to detect NA residue 275 in inoculated ferret nasal wash samples ([@R12]).

###### Clade-specific analysis of drug susceptibility of highly pathogenic avian Influenza A(H5N1) viruses in the neuraminidase inhibition assay\*

  Neuraminidase inhibitor   Clade   No.            IC~50~ (nmol/L)                 Baseline‡          Mild outliers§                Extreme outliers¶                                     
  ------------------------- ------- -------------- ----------------- ------------- ------------- ---- ---------------- ------------ ------------------- ------------- ------ --- -------- -------
  Oseltamivir               1.1     25             0.04--0.69        0.06          0.07 ± 0.02        23               0.04--0.16                       1             0.52       1        0.69
  2.3.2.1                   70      0.13--527.26   0.41              0.43 ± 0.17                 67   0.13--0.87                    2                   1.72--2.01           1   527.26   
  2.3.4                     28      0.51--11.36    1.62              1.48 ± 0.74                 24   0.21--2.79                    4                   6.76--11.36          0   NA       
  2.3.4/R\*\*               2       0.48--0.52     NA ^‡‡^           0.50 ± 0.10                 2    0.48--0.52                    0                   NA                   0   NA       
  Zanamivir                 1.1     25             0.13--18.89       0.26          0.28 ± 0.10        23               0.13--0.54                       1             1.33       1        18.89
  2.3.2.1                   70      0.14--1.11     0.32              0.34 ± 0.12                 68   0.14--0.68                    1                   1.11                 0   NA       
  2.3.4                     28      0.21--1.71     0.51              0.52 ± 0.18                 27   0.21--0.99                    1                   1.71                 0   NA       
  2.3.4/R                   2       0.48--0.62     NA                0.55 ± 0.07                 2    0.48--0.62                    0                   NA                   0   NA       
  Peramivir                 1.1     25             0.07--0.31        0.13          0.14 ± 0.03        25               0.07--0.31                       0             NA         0        NA
  2.3.2.1                   70      0.09--91.22    0.20              0.21 ± 0.09                 69   0.09--0.47                    0                   NA                   1   91.22    
  2.3.4                     28      0.16--0.52     0.29              0.31 ± 0.10                 30   0.16--0.52                    0                   NA                   0   NA       
  2.3.4/R                   2       0.28--0.39     NA                0.33 ± 0.05                 2    0.28--0.39                    0                   NA                   0   NA       

\*IC ~50~, 50% inhibitory concentration; No., number of viruses analyzed; Min-Max, minimum to maximum of IC~50~ values; NA, not applicable; IQR, interquartile range.  †Mean and SD of IC~50~ values after exclusion of outliers. ‡ Viruses with IC~50~ values \<U = Q3+3.0\*(IQRIQR= Q3-Q1; Q1 = 25th percentile; Q3= 75th percentile. §Mild outliers, with IC~50~ \>U but \<10-fold difference compared with the median IC~50~. ¶Extreme outliers, with IC~50~ \>U and ≥10-fold difference compared with the median IC~50~. \*\*2.3.4/R,reassortants; the viruses belong to clade 2.3.4 but the neuraminidase genes are grouped with clade 2.3.2.1 (also see [Technical Appendix](#SD1){ref-type="local-data"}, Table 2).

NA Inhibitors, Neuraminidase Inhibition Assay, and 50% Inhibitory Concentration Analysis
----------------------------------------------------------------------------------------

Susceptibility to the drugs zanamivir (GlaxoSmithKline, Uxbridge, UK), oseltamivir (Roche Diagnostics GmbH, Mannheim, Germany), peramivir (BioCryst Pharmaceuticals, Birmingham, AL, USA), and laninamivir (compound R-125489; Biota, Begbroke, UK) was assessed by fluorescent neuraminidase inhibition (NI) assay, by using inhibitor concentrations ranging from 0.03 nmol/L to 1,000 nmol/L ([@R13]). The 50% inhibitory concentration (IC~50~) values, the drug concentration needed to inhibit virus NA activity by 50%, were determined by using a CDC in-house program, the JASPR v1.2 curve-fitting software ([@R14]). Statistical analysis of IC~50~ values was performed by using SAS 9.2 software (SAS Institute, Cary, NC, USA) to identify outliers, using a statistical cutoff value U = Q3+3.0\*(interquartile range). The interquartile range was determined as Q3--Q1; Q1 or Q3 denoted 25th or 75th percentile, respectively. The resulting value was applied for clade and drug. Mild outliers were defined as viruses that had IC~50~ values \>U and \<10 times the median, and extreme outliers as having IC~50~values \>U and ≥10 times the median. SigmaPlot 12 (Systat Software, Chicago, IL, USA) was used to generate box-and-whisker plots to visualize outliers. The median/mean IC~50~ values among virus clades were analyzed by using the Kruskal-Wallis 1-way analysis of variance and the Dunn's multiple comparison test, respectively.

Susceptibility to Antiviral Agents in Cell Culture
--------------------------------------------------

Susceptibilities to the M2 blocker amantadine and to investigational agents DAS181 and favipiravir (T705) were assessed in a virus yield reduction assay on Madin-Darby canine kidney (MDCK) SIAT1 cells ([@R15],[@R16]). In brief, the confluent cell monolayers seeded on 96-well plates were treated before inoculation with amantadine or favipiravir for 30 minutes or with DAS181 for 2 hours. After the drug was removed, cells were inoculated with either wildtype (WT) virus, which did not contain the H275Y mutation in NA, or oseltamivir-resistant virus with the H275Y mutation (as positive control) at a low multiplicity of infection of 0.0001 PFU/cell and incubated for 1 hour at 4°C. Cells were washed and added to fresh media containing drug dilutions, and incubated at 37°C for 24 hours. Supernatants were harvested to determine infectious virus yield 50% tissue culture infectious dose per mL (TCID~50~/mL) in MDCK-SIAT1 cells. The 90% effective concentration (EC~90~) of drug (drug concentration that reduces the infectious virus yield by 90%) was determined by using the 4-parameter logistic nonlinear regression model equation in GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, USA).

Replicative Capacity in Cell Culture and Ferret Upper Respiratory Tract
-----------------------------------------------------------------------

Comparison of replicative capacity of WT and oseltamivir-resistant H275Y mutant virus was achieved by inoculating MDCK-SIAT1 cells at a multiplicity of infection of 0.0001 PFU/cell in 24-well plates. Cells were incubated at 37°C, and supernatants were collected every 12 hours until 72 hours postinoculation. At each time point, the infectious virus yields (TCID~50~/mL) were determined by titrating the supernatants on MDCK-SIAT1 cells ([@R17]). In vivo replicative capacity was assessed in ferrets by inoculating naïve, anesthetized animals, 3--5 months of age, with 10^6^ TCID~50~ of either WT or H275Y virus. Virus titers (TCID~50~/mL) were measured in the nasal washes collected postinoculation on days 1--3, 5, 7, and 9.

Results
=======

Phylogenetic Analysis and Resistance Markers
--------------------------------------------

Knowledge of subtype H5N1 virus genomics, especially that of hemagglutinin (HA), NA, and membrane protein, or M genes, is required for interpretation of drug susceptibility data and for uncovering new trends. According to the HA gene phylogeny, viruses isolated from poultry in Vietnam during 2009--2011 were assigned to 3 clades: 1.1 (n = 25), 2.3.2.1 (n = 70), and 2.3.4 (n = 30) ([Figure 1](#F1){ref-type="fig"}; [Technical Appendix 2](#SD1){ref-type="local-data"}, [Figure 2](#F2){ref-type="fig"}, panel A. The viruses of clade 2.3.4 were categorized as 3 subclades, termed 2.3.4.1, 2.3.4.2, and 2.3.4.3. The NA phylogenetic tree topology ([Technical Appendix 2](#SD1){ref-type="local-data"}, [Figure 2](#F2){ref-type="fig"}, panel B) was comparable to the HA tree for clades 1.1 and 2.3.2.1, but not for clade 2.3.4 viruses, suggesting NA gene reassortment among these viruses. Two reassortant viruses of subclade 2.3.4.1 contained NA genes similar to those of subclade 2.3.2.1 viruses.

![Description of 125 highly pathogenic avian influenza A(H5N1) viruses collected from poultry in Vietnam during 2009--2011 and tested during this study.](13-0705-F1){#F1}

![Distribution of log-transformed 50% inhibitory concentration (IC~50~) values for oseltamivir, zanamivir, and peramivir: Box-and-whisker plot analysis of all tested highly pathogenic avian influenza A(H5N1) viruses (n = 125) and individual clade for each virus. The boxes represent the 25th (quartile 1) to 75th (quartile 3) percentiles; horizontal and dash lines within the box represent median and mean values, respectively; n, number of viruses tested.](13-0705-F2){#F2}

The M tree was similar to the HA tree and showed evidence of reassortment for a single clade 2.3.4.2 virus that clustered with M genes from subclade 2.3.4.1 ([Technical Appendix 2](#SD1){ref-type="local-data"}, [Figure 2](#F2){ref-type="fig"}, panel C). The H5N1 Genetic Changes Inventory ([@R5]) was used to screen NA and M gene alignments for molecular markers associated with potential drug resistance. Clade 1.1 viruses contained S31N in M2 protein, the most common marker of M2 blocker resistance. This mutation was present in combination with L26I, a typical feature of clade 1 and 1.1 viruses. The remaining viruses had no known markers of M2 blocker resistance. In the NA gene, the H275Y mutation, a marker of oseltamivir-resistance, was detected in the virus A/duck/VN/NCVD-664/2010 (clade 2.3.2.1). The virus was isolated in Ninh Binh Province in northern Vietnam. In subclade 2.3.4.2 (n = 13), 3 viruses contained the mutation I223T, which may affect susceptibility to NA inhibitors. One clade 1.1 virus carried the mutation V149A, which was previously linked to slightly reduced susceptibility to zanamivir ([@R18]).

Drug Susceptibility in NI Assay
-------------------------------

To identify viruses with potential resistance to NA inhibitor(s), we performed the NI assay using oseltamivir, zanamivir, and peramivir. IC~50~ values were calculated for each virus and drug. The median IC~50~ values were similar for oseltamivir and zanamivir (0.44 nmol/L and 0.36 nmol/L, respectively) and ≈2-fold lower for peramivir ([Technical Appendix 2](#SD1){ref-type="local-data"}, Table). The influence of the NA sequence diversity on IC~50~ values was most noticeable from the wide-ranging oseltamivir IC~50~ values (\>13,000-fold difference between minimum and maximum), whereas the range was much narrower for zanamivir (145-fold) and intermediate for peramivir (1,300-fold). Analysis of IC~50~ values was further achieved by individual clade to enable better correlation with NA sequences ([Table 1](#T1){ref-type="table"}; [Figure 2](#F2){ref-type="fig"}). The 2 reassortants were excluded from clade 2.3.4 analysis because the associated NA gene from each was related to those from clade 2.3.2.1.

The median oseltamivir IC~50~ value for clade 1.1 was lower than that of clades 2.3.2.1 and 2.3.4, by 7- to 27-fold, respectively. In clade 1.1, virus A/chicken/Vietnam/NCVD-780/2011 was identified as an extreme outlier and showed a 12-fold increased oseltamivir IC~50~ value ([Table 2](#T2){ref-type="table"}; [Figure 2](#F2){ref-type="fig"}). This virus contained a previously unreported change: the presence of NA mutation R430W. Virus A/chicken/Vietnam/NCVD-776/2011 was identified as a mild outlier: it had the H253Y mutation and showed a 9-fold increase in oseltamivir IC~50~ values; virus A/chicken/Vietnam/NCVD-878/2011, which carried V149A, exhibited a 3-fold increase. Notably, the oseltamivir IC~50~ values of all 3 outliers described were similar to, or less than, the median oseltamivir IC~50~ value of clade 2 viruses ([Tables 1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}; [Figure 2](#F2){ref-type="fig"}).

###### Characterization of statistical outliers identified in neuraminidase inhibition assay\*

  Clade                      Virus name                      Neuraminidase gene change†   IC~50~**~,~** nmol/L; mean±SD (fold)‡                                              
  -------------------------- ------------------------------- ---------------------------- --------------------------------------- -------------------- --------------------- ------------------
  1.1                        A/ck/VN/NCVD-780/2011           R430W                        0.69 ± 0.25 (12)                        18.89 ± 2.18 (73)    0.29 ± 0.03 (2)       2.62 ± 0.02 (29)
  A/ck/VN/NCVD-878/2011      V149A                           0.16 (3)                     1.33 (5)                                0.13 (1)             NT                    
  A/ck/VN/NCVD-776/2011      H253Y                           0.52 ± 0.24 (9)              0.20 ± 0.03 (1)                         0.10 ± 0.03 (1)      0.14 ± 0.01 (1)       
  Median                     NA                              0.06                         0.26                                    0.13                 0.09 ± 0.01§          
  2.3.2.1                    A/dk/VN/NCVD-664/2010           H275Y                        527.26 ± 201.10 (1,353)                 1.11 ± 0.67 (3)      91.22 ± 44.34 (415)   1.36 ± 0.72 (6)
  A/dk/VN/NCVD-712/2011      V424I                           2.01 (5)                     0.52 (2)                                0.26 (1)             NT                    
  A/dk/VN/NCVD-714/2011      V424I                           1.72 (4)                     0.53 (2)                                0.31(1)              NT                    
  Median                     NA                              0.41                         0.32                                    0.2                  0.23 ± 0.01§          
  2.3.4                      A/ck/VN/NCVD-296/2009           I223T                        10.99 ± 2.38 (7)                        0.86 ± 0.33 (2)      0.52 ± 0.17 (2)       0.49 ± 0.24
  A/ck/VN/NCVD-295/2009      I223T                           10.37 ± 1.78 (6)             0.93 ± 0.19 (2)                         0.50 ± 0.13 (2)      0.53 ± 0.18           
  A/ck/VN/NCVD-283/2009      I223T                           11.36 ± 3.43 (7)             0.77 ± 0.28 (2)                         0.49 ± 0.24 (2)      0.42 ± 0.16           
  A/dk/VN/NCVD-462/2010      G147R                           6.76 ± 0.44 (4)              1.71 ± 0.48 (3)                         0.45 ± 0.06 (2)      0.40 ± 0.17           
  Median                     NA                              1.62                         0.51                                    0.31                 0.12 ± 0.02^§^        
  1                          *H5N1* Reference viruses                                                                                                                        
  A/VN/HN30408/2005, clone   H275Y                           155.18 ± 5.77 (1,552)        0.63 ± 0.12 (1)                         10.88 (64)           1.13 (6)              
  A/VN/HN30408/2005, clone   N295S                           2.99 ± 0.21 (30)             0.73 (2)                                0.13 (1)             0.52 (3)              
  A/Vietnam/1203/2004        NA                              0.10 ± 0.02 (1)              0.46 ± 0.06                             0.17 ± 0.03          0.18 ± 0.03           
  NA                         *H1N1pdm09* Reference viruses                                                                                                                   
  A/North Carolina/39/2009   H275Y                           138.06 ± 26.02 (727)         0.19 ± 0.03 (1)                         16.77 ± 4.47 (335)   0.26 ± 0.05 (1)       
  A/California/07/2009                                       0.19 ± 0.05 (1)              0.18 ± 0.02                             0.05 ± 0.01          0.17 ± 0.04           

\* IC ~50~, 50% inhibitory concentration; NT, not tested; NA, not applicable. †Compared with the neuraminidase gene sequence of the closest match. (See [Table 1](#T1){ref-type="table"} for median IC~50~ for each clade.) ‡Fold increase compared with the median IC~50~ of the same clade virus. §Fold increase compared with the IC~50~ of the closest matching virus in the same clade. Global Initiative on Sharing All Influenza Data NA accession no. shown in [Technical Appendix](#SD1){ref-type="local-data"} 1.

Influenza virus strain H5N1 A/duck/Vietnam/NCVD-664/2010 was identified as an extreme outlier for oseltamivir susceptibility in clade 2.3.2.1; it contained the marker H275Y and exhibited a 1,353-fold elevation in IC~50~. Two mild outliers (3--5-fold increase) that carried the V424I change were identified within the same clade. In clade 2.3.4 viruses, 4 outliers for oseltamivir were detected, 3 of which possessed I223T, which conferred a 6--7-fold increase in IC~50~ values. The fourth virus had a V147R substitution and exhibited a 4-fold increase in IC~50~ ([Table 2](#T2){ref-type="table"}). As anticipated from the results of phylogenetic analysis, oseltamivir IC~50~ values of the 2 reassortant viruses (HA of clade 2.3.4 but NA from clade 2.3.2.1) matched those of clade 2.3.2.1 viruses ([Table 1](#T1){ref-type="table"}).

When tested for zanamivir susceptibility, an extreme outlier that had a 73-fold increase in IC~50~ was detected in clade 1.1 ([Table 2](#T2){ref-type="table"}): this was the same virus, A/chicken/Vietnam/NCVD-780/2011, that showed a previously unknown R430W change and was identified as an extreme outlier for oseltamivir susceptibility. Three mild outliers were identified from clades 1.1, 2.3.2.1, and 2.3.4 and had amino acid changes at the V149A, H275Y, and G147R substitutions, respectively.

The virus A/duck/Vietnam/NCVD-664/2010 that carried the H275Y mutation was predictably identified as an extreme outlier for peramivir with a 415-fold increase in IC~50~ values; the remaining viruses showed no increase. Among a subset of viruses (n = 38) tested with laninamivir, the virus that carried the R430W mutation showed a 29-fold increase, and the virus that had the H275Y mutation showed a 6-fold increase in IC~50~ values.

The WHO criteria for reporting NI assay data for influenza viruses ([@R19]) are based on fold difference between IC~50~ values of the test virus and a reference IC~50~ value (such as median IC~50~); different criteria are set for seasonal type A and type B viruses. The reporting for H5N1subtypes is not specified; therefore, we followed the criteria as outlined for seasonal type A viruses, but grouped the IC~50~ values by clade ([Table 1](#T1){ref-type="table"}). For clade 1.1, the virus that had the R430W mutation showed reduced inhibition by oseltamivir, zanamivir, and laninamivir; in clade 2.3.2.1, the virus that had the H275Y mutation showed highly reduced inhibition by oseltamivir and peramivir.

Characterization of the Oseltamivir-Resistant H275Y Virus
---------------------------------------------------------

The oseltamivir-resistant virus was also tested with antiviral agents with mechanisms of action other than NA inhibition. The infectious virus yields of WT and the oseltamivir-resistant virus were reduced by \>2 logs at 1 µg/mL of amantadine (data not shown), which is consistent with the M2 blocker--sensitive genotype. Inoculation of cells with DAS181 before incubation was equally effective in inhibiting replication of the virus with H275Y mutation and the WT virus ([Table 3](#T3){ref-type="table"}). Both viruses were equally susceptible to favipiravir, expressing EC~90~ values of 3 µmol/L--6 µmol/L ([Table 4](#T4){ref-type="table"}). For risk assessment, it was essential to investigate whether the H275Y mutation had a detrimental effect on virus replication. In MDCK-SIAT1 cells, the H275Y-mutated virus replicated at a similar rate as the WT virus and reached infectious titers as high as 10^9^ TCID~50~/mL at 72 hours post infection ([Figure 3](#F3){ref-type="fig"}, panel A). In the ferret model, the H275Y virus titers in the nasal washes collected at several points after inoculation were similar to those of the WT virus ([Figure 3](#F3){ref-type="fig"}, panel B) and no differences in symptoms were noted. The stability of the H275Y mutation was demonstrated by analyzing pyrosequencing data of the viruses shed by the infected ferrets.

###### Reduction of virus yield in MDCK-SIAT1 cells in the presence of antiviral agent DAS181\*

  H5N1 subtype            NA         Mean±SD virus yield (log~10~TCID~50~/mL), DAS181 (µmol/L)   EC~90~ (µmol/L), mean±SD                             
  ----------------------- ---------- ----------------------------------------------------------- -------------------------- ----------- ----- --- --- -------------
  0                       0.04       0.16                                                        0.63                       2.5         10            
  A/dk/VN/NCVD-680/2011   Wildtype   6.6 ± 0.7                                                   5.3 ± 0.7                  3.3 ± 0.5   3±0   †   †   0.02 ± 0.01
  A/dk/VN/NCVD-664/2010   H275Y      7.0 ± 0.9                                                   4.6 ± 0.8                  4.3 ± 0.9   †     †   ‡   0.01 ± 0.01

\*Multiplicity of infection 0.0001/cell in 24-well plate; NA, neuraminidase; TCID ~50~/mL, 50% tissue culture infectious dose; EC~90~, 90% effective concentration.  †Below the limit of detection, 1.4 log~10~/mL.

###### Reduction of virus yield in MDCK-SIAT1 cells in the presence of favipiravir\*

  H5N1 subtype            NA         Mean±SD virus yield (log~10~TCID~50~/mL;), favipiravir (µmol/L)   EC~90~ (µmol/L), mean±SD                                           
  ----------------------- ---------- ----------------------------------------------------------------- -------------------------- ----------- ----------- ----------- --- -----------
  A/dk/VN/NCVD-680/2011   wildtype   6.9 ± 0.6                                                         6.9 ± 0.5                  5.7 ± 0.7   6.3 ± 0.4   3.8 ± 0.9   †   3.2 ± 2.4
  A/dk/VN/NCVD-664/2010   H275Y      7.6 ± 0.5                                                         6.9 ± 0.8                  7.5 ± 0.5   6.9 ± 0.7   5.4 ± 0.8   †   5.9 ± 3.2

\*Multiplicity of infection 0.0001/cell in 24-well plate; TCID~50~/mL, 50% tissue culture infectious dose; EC~90~, 90% effective concentration; NA, neuraminidase.  †Below the limit of detection, 1.4 log~10~/mL.

![Replicative capacity of the oseltamivir-resistant highly pathogenic avian influenza A(H5N1) virus possessing the H275Y substitution and the wild type virus in (A) MDCK and MDCK-SIAT1 cell lines and (B) in the ferret upper respiratory tract; nasal washes were collected on days 1, 2, 3, 5, 7, and 9 post challenge. Of note, the limit of detection for virus titer was set at 1.3 x log~10.~](13-0705-F3){#F3}

Discussion
==========

In this study, we identified a single oseltamivir-resistant virus among 125 HPAI A(H5N1) viruses isolated from poultry in Vietnam during 2009--2011. It was recovered from a domestic duck in Ninh Binh Province, northern Vietnam. This virus belonged to the rapidly expanding clade 2.3.2.1 and contained the H275Y mutation, which is the principal marker of oseltamivir resistance in N1-subtype viruses ([@R11]). We observed no impairment in its replicative fitness in either cell culture or a ferret model. Our findings are in agreement with previous studies in which the reverse genetically engineered H275Y mutant from clade 1 retained its in vitro replicative efficiency and high pathogenicity in animals ([@R20]). Emergence of clade 1 viruses carrying the H275Y mutation was reported in oseltamivir-treated patients ([@R21],[@R22]). When tested in ferrets, replication of the H275Y mutant virus was not inhibited by oseltamivir ([@R23]), confirming its oseltamivir-resistant phenotype. Of the 3,215 subtype H5N1 virus NA sequences available in GenBank, 6 contain H275Y; these viruses include a virus isolated from a patient treated with oseltamivir in Vietnam during 2005 ([@R21]), a patient in Indonesia (GenBank accession no. EU146786; unknown treatment history), and 4 viruses isolated from birds in Hong Kong (GenBank accession no. DQ250158) and Russia (GenBank accession no. DQ840522, DQ320136, and CY063862) ([@R7]). Although detection of H275Y mutations in H5N1 subtypes is rare, the global spread of subtype H1N1 viruses carrying the same mutation in the absence of drug exposure serves as a sobering reminder of the unpredictable nature of influenza virus evolution. As indicated in this and other studies, the HPAI (H5N1) NA gene is subject to reassortment between different HA clade-bearing viruses, which could accelerate this process ([@R3]).

Apart from the H275Y marker, it is difficult to predict the effect of natural genetic variation in HPAI (H5N1) viruses on susceptibility to NA inhibitors in humans. The range of H5N1 subtype oseltamivir IC~50~ values was wide (0.04--527.26 nmol/L), similar to previous findings ([@R24]). The WHO criteria for reporting NI assay data are based on a fold increase in the IC~50~ value of a test virus compared with that of a control or reference virus (or median) IC~50~ value ([@R18]). For influenza A, the result is interpreted as normal (\<10-fold), reduced (10- to100-fold), or highly reduced inhibition (\>100-fold).

In this report, the subtype H5N1 influenza virus with the H275Y NA mutation exhibited highly reduced inhibition by oseltamivir and peramivir, and normal inhibition by zanamivir and laninamivir. The current criteria need further clarification when applied to highly diverse H5N1 subtypes. For instance, oseltamivir IC~50~ values of clade 1.1 viruses were 7--27-fold lower than those of clade 2 viruses; this finding is in accord with previous reports ([@R25]). This difference stems from the presence of either histidine (clade 2) or tyrosine (clade 1) at position 253 in the NA protein ([@R26],[@R27]). Predictably, the identified clade 1.1 virus carrying the revertant H253Y mutation exhibited ≈9-fold higher IC~50~ values compared with the median IC~50~ value for this clade and ≈10-fold increase compared with A/ck/VN/NCVD-777/2011, a matching virus in which the only difference in the NA gene was an H253Y substitution. Such a virus would be reported as exhibiting reduced inhibition, yet its oseltamivir IC~50~ value was below the median IC~50~ value of typical clade 2.3.4 viruses tested in this study. In view of these findings, it may be more appropriate to consider all clade 1 viruses possessing histidine at position 253 as hypersensitive and use a median IC~50~ value of clade 2 viruses in fold difference calculations. If this rule were applied, 1 of the reference H5N1 subtype viruses (clade 1), possessing N295S ([@R23]), would increase by ≈2-fold in oseltamivir IC~50~ values (2.99 nmol/L) compared with values of clade 2.3.4 viruses (1.62 nmol/L) and, thus, would be reported as exhibiting normal inhibition. Like the H275Y-mutated viruses previously identified, this variant has also been isolated from an oseltamivir-treated patient ([@R22]) and its replication was not affected by oseltamivir treatment in ferrets ([@R23]). Therefore, it is essential to be able to detect and report these NA variants ([@R28]), despite an overall low IC~50~ value.

Because of lack of established laboratory correlates of clinically relevant resistance, analysis and interpretation of IC~50~ values generated in this study were completed according to the WHO criteria with a stipulation that fold change comparison was performed by using median IC~50~ values for individual clades. This approach facillitated identification of variants, such as the R430W-mutated virus from clade 1.1, which should be further studied. Certain discrepancies among reports are to be expected in the absence of standardized assays and criteria. For example, variant V149A of clade 1.1 was reported here as normally inhibited by zanamivir; such a variant was previously reported as showing mildly decreased susceptibility to zanamivir ([@R18],[@R29]). Similarly, substitutions at variant I223 have previously been associated with reduced susceptibility to oseltamivir, zanamivir, or both ([@R5]). In this study, 3 clade 2.3.4 viruses carrying variant I223T were reported to show normal inhibition by NA inhibitors because of the relatively high median IC~50~ values of this clade. Nevertheless, the oseltamivir IC~50~ values in this clade were ≈55-fold greater than the reference WT A(H1N1)pdm09 virus. Acquired additional changes in the NA (e.g., H275Y) may confer a higher level of resistance to the NA-inhibitor class of drugs among these viruses ([@R30],[@R31]).

HPAI (H5N1) viruses resistant to M2 blockers are prevalent among poultry throughout Asia, including Vietnam ([@R7],[@R32]). Most of these M2-resistant viruses belong to clade 1.1 ([@R32],[@R33]), but they have also been found in other clades, including clade 2.3.4 ([@R34]). The oseltamivir-resistant H275Y-mutant virus detected in this study was sensitive to M2 blockers; however, the ease with which viruses can acquire resistance to this class of drugs emphasizes the need for alternative therapeutic options. The NA activity of the oseltamivir-resistant H275Y-mutant virus was inhibited by zanamivir and laninamivir in the NI assay. These NA inhibitors are delivered by inhalation, which limits their use for treatment of severely ill patients; an intravenous formulation of zanamivir is in clinical trial and is available on a compassionate use basis for treatment of hospitalized influenza patients ([@R35],[@R36]). The replication of the H275Y-mutant virus and its WT counterpart were equally inhibited by investigational drugs DAS181 and favipiravir in cell culture.

Conclusion
==========

Our findings demonstrate the critical role of ongoing monitoring of antiviral drug susceptibility in HPAI (H5N1) viruses sampled from poultry on informing antiviral stockpiling decisions for pandemic preparedness. Because 15 countries have reported human cases of HPAI (H5N1) virus infection to date, these findings also emphasize the need to enhance the armamentarium of available anti-influenza drugs worldwide for treatment of subtype H5N1-infected patients, including agents with diverse mechanisms of action, which could enable combination treatment ([@R37]), and host-directed antiviral therapy, and which may be less vulnerable to resistance.
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Drug susceptibility and accession data for highly pathogenic avian influenza A(H5N1) viruses.
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Analysis of highly pathogenic avian influenza A(H5N1) viruses.
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